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ELECTRON DONOR-ACCEPTOR QUENCHING AND PHOTOINDUCED
ELECTRON TRANSFER FOR COUNARIN DYES

Guilford Jones, II,® Susan F. Griffia, Chol-yoo Choi,
and Villiam R. Bergmark®

Department of Chemistry, Boston University, Bostom MA 02215

Abstract

The fluorescence of 7—sminocoumarins is quenched by a variety of orgamic
electroam donors or acceptors in scetonitrile. In general, domors with
half-wave oxidstion potemtials less positive than 1.0 V vs SCE and
acceptors with reduction poteatials less negative thaa -1.5 V vs SCE are
candidates for diffusios limited quenchiag of coumarin simglet states.
Profiles of gueachiag rates are coasisteat with calculated free emergies
for electroa transfer bdetween excited commarins aad domors or acceptors.
Ia flash photolysis experiments electroa traasfer for several dyes aad
quenchers (e¢.g., methyl vioclogea) is demomstrated. Relatively low yields
of net electron tramnsfer are comsistently obtained dwe to imefficieat ioaic
photodissociation via siaglet gueaching or s low yield of more photoastive
commarin triplets. Eleotrochemical propezties of the cowmarins have been

isvestigated by cyclic voltammetry with the indicatioms of reversible

oxidstioa and irzeversible reduction as importaat processes. i ‘\ \ \
B
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,‘

% The 7-sminocoumarins (e.g., 1 = 3) constitute an important class of
organic dyes which lase ? and which in some ciroumstasmces may act as
:‘ photouasiuzo:s."‘ These structures are also related to the furocoumarins
:j whioh have received much atteation due to their photodbiological

M p:opo:tiu.' In previous papers in this series, photophysical and
. photochemical properties for coumarin dyes have been reported with
g particular atteation given to the promounced medium dependences of spectral
properties and emissios yields associated with the highly polar coumarin

excited states (aominally depicted by i).‘ Other recent imvestigations have

\.c been directed to the mechanism of commsria photodegradation, ' the behavior
: of commaria dyes is water aad in agueous detergeat media, ' and the effects
. of mediwm and additives oa photostability sad emission yield uader lasing

:‘:S conditions.” ~ **
3 .‘

The commaria dyes give rise to stroag, broad absorptioa daads
gf exteandiag into the visible acoompanied by solveat depeadent red shifts in
g omission iadicative of sa emissive state haviag s large dipole momest
:— (1.0., §). The iatersstion of such excited species with added quesnchers
Lo has not bees studied is detail although cowmaria siaglet *°’ ** gad triplet

10 quenchiag by oxygea have beea reported. Our expectation was that the

isteramal combisatioa of domor and acoeptor gromps for the amiaccommarins

:; would gotivate the iatramoleeular charge transfer state toward queaching by
< both redscisg aad oxidiziag ageats. This feature wosld ia tura dictate to

a significant degree the bLimolecslar photochemistry displayed dy coumaria

dyes and also prescribe the types of reageats that aight be suitable as
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sdditives to dye solutions (agents that might insure photostability). We
zoport here the bdehavior of representative aminocoumarins toward electron
transfer sgents ia acetomitrile , the detectiom of products resulting from

photoinduced electron transfer, and related electrochemistry for the dyes.

Experimental Sectioa

Matexigls. Dyes 1 — S were laser grade materials obtained from
Eastman Kodak Co. (commarins 1, 35, 102, 153, and 6, respectively). The
dyes were checksd for purity by tle (silica, ethyl acetate/hexane) and in
most cases used as reoceived. Several of the commercial samples were
recrystallized from heptane or methanol/water. The amine quenchers and DM
wore distilled prior to use; DMA was dried by additionm of lithium aluminum
hydride wader aitrogea prior to distillation under reduced pressure (20
torz). FUN was recrystallized three times from hexame/chloroform and DCB
and MV were reocrystallized twice from methasol. Solvents employed were

spectroqual ity scetomitrile used as received aad triply distilled water.

Eluozescense angashing. Dye emission was recorded on s Perkin-Elmer
MPF 444 fluorimeter equipped with a spectrum correction umit and using

quarts cells. Solutionms of 10°° x dye were excited at the absorption
maxzinum and the fluorescemce intenmsity (at 3..“) recorded as a fumction of
added quencher (samples were sir satsrated). Except for the cases noted
below, 30 changes were recorded in the emission maximum or in the dye
absorptioa profile ss the result of additiom of quemcher. Iatenmsity

changes were plotted vs. queacher comcentration using the Stern—Volmer

x® .t
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. equation, Io/I = 1 + kqv {Ql. Linear regression amalysis (r = ) 0.98)

X provided slopes (kqt values) and intercepts (typically 1.00 + 0.02).

v Iziclet guenchins. Flash photolvsis. Flash photolysis apparatus

‘ which consisted of a Xemon flash lamp with ca. 335us duration (fwhm) (22 cm

g-: Pyrex cell) has been described previously.'* Argon-purged solutions of ca.
¥ 10™°x dye were employed. Photographs of oscilloscope traces were obtained

to record % transmissioa valuwes which were converted to transieat

) absorbance. For measurement of relative yield of tramsients, absorbance

values vere recorded at their maximum at the shortest practical times

followiag lamp discharge (usually 100us following the flash).

! Cyelis yoltammetry. Curreat—-voltage carves were obtained for 10 =M ;
dye ia resgeat grade (wet) acetomitrile with 0.1 M tetrasthylemmoniuam
‘ perchlorate (TEAP) or 0.1 M LiCl0, supporting electrolyte using a
Biocamaslytical Systems poteatiostat. Other conditioms imcluded: working
electrode, Am or Pt; reference electrode , Ag, AgNO, (0.01 M); auxiliary

electrode, Pt; operating temperature 22°

3F oict -
-

o

.3

g Results aad Discussion
: Commazia dve propesties: svolic voltammetry. Absorption and

o fluorescence emission dats for dyes ] = 3 are shown in Table 1 along with

B! :
! flsorescence lifetimes appropriate for air—-saturated acetomitrile solutioms
; :
E at room temperature. Ia Table 2 are inmcluded values for oxidatiom and
4 reduction poteatials for the dyes obtained by cyclic voltammetry for
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scetonitrile solutions. The electrochemical oxidations were characterized
by relatively clean forward and return waves with 60 — 100 aV peak to peak
separation comsisteat with quasi-reversible behavior.’ The dyes were
somevhat mors difficultly reduced (a peak potential could not bs measured
for 3) aad reductios return waves n:o‘ut observed. Due to the
irzeversibility of reduction of the dyes ia acetonitrile, peak potentials
which varied somewhat according to scan rate (100 - 500 mV/s) represent

rough approximations to the thermodymamic reduction poteantials.

The substituweat iasfluences for dye reduction and oxidation are readily
appareat in terms of the lactose moiety and other groups such as CF,
providiag a retardiag iaflseace 0a oxidatioa (relative to dialkylanilines
for which E,; = ca. 0.7 V vs SCE''). Alkyl substitution at the anilinme
ziag provides for greater ease of oxidatioa whereas the series is less
roadily zeduced due to these electroa donmating imfluences (relative to

sasubstituted commaria for which B . = -1.4 V vs SCE 16 .

Siasglet ansaching by elestxop domors amd acceptoxs. The selection of
poteatial queachers of dye flmorescemce is shown in Table 3 along with the

appropriste slectrochemical data which reflect their relative streagths as
oxidiziag or reducing ageats in scetomitrile. The results of Stern—-Volmer
asnslysis of steady—state emission quenching by the electron donor amines
aze assembled in Table 4. DMA is sufficiently poteat to quench the
fluoresceat state of three of the dyes ( 1, 2, and 4) at rates which
approach the diffssiom coamtrolled limit (ca. 2-3 x 10*° X"24"%).2° The

exception involves the least readily reduced dye, 3, for which a dimiaished

zate is observed. Coasisteat with this iadication of domimant

SR T S TR T
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5 donor—scceptor influsmce is the tremd established for quenching 2
" : flworescence in which rate constants fall in a regular fashionm according to

s amine oxidation poteatial. If s near—diffusion— limited value for kq is

i supplied for DMA quenmching of § a quite reasonable value for the lifetime
3‘4 .

XY of emission for this dye (mot presently avsilable from photom counting
5,:-, measuremeats) is obtained (Table 1).

A similar series of quenching data involving various electron

:'}‘ acceptors is reproduced in Table 5. Again, one common quencher, FUM, is
) i successful in sequestering coumarin singlets at a high rate. The more

‘Q;; potest acceptor, NV, 1,1'~dimethyl-4,4’'-bipyridinium dication, requiring
i‘?:?' for solubility coasiderations s mixzed aqueocus medium , is somewhat more

A
APy

suocessful ia - quenching 1 fluorescence (reschiag the diffusion limited

%, rate). Vhen less effective oxidizing quemchers are inspected for §,
fall=off of the gmemching constants is again observed, consistent with a
%E dimisished gueacher reduction poteamtial.

Quenchiag dats may be analyzed using the Weller equation,®’

15

N 88gy =  Boy “Epea "By - €

3

’ with which the free emergy change for an encounter pair undergoing electron
1‘\:g>

4 traansfer is computed using redox potentials (converted to emergies), the

h ’,

— exoitation emergy of the excited state partiocipatiag in quenching (E,,, for
A6

: b commaria siaglets, computed from absorption and emission curves), aad a
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b

coulombic term, C, usually assumed to value ca. 0.1 eV for acetomitrile

solvent.

Computed free emergies are provided in Tables 4 and 5. The "rule of
thumd”*® which suggests that near diffusion limited quenching behavior is :
observed ia bimolecular quenching via electronm transfer whea A G.tS -5.0

kcal/mol is again valid for the coumarin quenching data. The patterm of

:x free onergy dependence shown by the dats for 2 and § reflects a diminution
:i in quenching coastant of sbout one order of magnitude for each reductionm in
gZ electron transfer exothermicity of § - 10 kcal/mol. A similar dependence
for orgaaic domors aad acceptors in excited state quenching has been found
J} in a variety of other systems.’®’??

Izinlet gusaching, Flash photolvsis. The coumarins in combinmation

Ay with several quemchers were subjeoted to flash irradiatioa using §

Sl 4

conveational equipment (Xemon flash lamp, 35us fwhm). Under conditions

»»‘ wvhere guencher conceatratioas dictated that coumarin singlets were
4 substaatially quesched (from Stern—Volmer snalyses, vide supra), transients

were not gemerally observed in the 450 - 700 nm range (100 us to 100 ms

f regime). Suoch comdinatioas imcluded ] and 2 with DMA sad FUN. Spectra for

a4

j cowmaria radiocal—ions have not yet been reported, but transients such as
! oa* (Agax™ 500_)"* are readily observed. The failure of singlet

54 queacking in providing even moderate yields of radical- ioas in bulk

"y

o7 solution is consistent with a nwmber of recent findings which show that the
)

- fate of simglet radical=-ion pairs resulting from exothermic electron

- transfer quenchiag is predomimantly in-cage recombination. ??:**

N

A

A)

~
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vy The search for electron transfer products from quenching was combined

‘ with the detectioam of triplet—triplet absorption for two of the dyes. For

»2’. 1 alome in acetomitrile or in 85% acetonitrile/water, a tramsieat with ANax
at 600 ~ 625 mm was observed and assigned to the coumarin triplet which has
"J been detected previously.’’2’*?® Tne triplet of 1, which showed a first

), ozder decay and a lifetime of 120-180 us (several rums) in acetomitrile

- could be completely quenched by 1.0 sl FUM (where singlet quenching is not

‘3 important). Ia this experiment the 600 nm transient is not replaced by

3&3 snother absorbing species in the 400 - 700 region (the FUN radical-anion

absorbs st 350 mm,”’ as ares obscured by dye bleaching and recovery). DMA

(1.0 =) , oa the other haad, is sot successful in iatercepting triplet 1.

Both of these results are comsistest with electron (or energy) transfer

quenching by FUN but mot by DMA if the energetics of Tables 4 and 5 are

-

nodified by reduciag the exothermicity of eleotrom transfer by ca. 10

[

koal/mol, the estimated difference in singlet and triplet emergies for

.5;: )_'.f r /“

S e
L~ s
o
&£

similar dyes ss showan by receat spectroscopic measurements. °'**’

AR PP

Exceptioas to the gemeral pattern of negligible reactivity (net

A

!;;I.&ﬂ< 1 X

electroa tramsfer) were eancomatered for the acceptor quencher, MV.2* Flash
photolysis of 1 aad § was examined in some detail under conditions

appropriate for quenching by MV of dye singlets or triplets., A transieat
similar to triplet ] was observed on flash irradiation ia the presemce of

MV (Table 6). The absorption maximum was again st about 600 nm, consistent

e

:.j': with formation of the reduced species MV'.?® (The other well characterized
:'f' absorptiona of MV+ at 395 sm is obscured by stromg absorption by the dye in
‘ that region.) That this transient observed with added MV is clearly a

”% species other thaa the dye triplet is imdicated by the extended decay time

N

M2 G RNLG AR TS S R T 5.5 0 S SRR S S0 SR OOV NERENORRININ Y.
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(millisecond range) which is more comsistent with the appearance of a

5

radical=ion. Decay data for the presumed MV* intermediate did not

4

x;
S
--.3.
..

e

uajifornly obey first or second order kinetics and decay times (reported as

&

half-lives, Table 6) varied somewhat from run to run snd were semsitive to

q, sample preparation (Ar purging).

The depeandence of yield of electron transfer was inspected for 1 as a

,, function of MV conceatratiom in acetonitrile/water. A moderate imcrease in
maximum absorbances (Table 6) recorded at about 100us following the lamp
}:‘i flash ( prior to the omset of significant decay) is noted for increased
conceatrations of MV. Absolute values for electron transfer yield were not
j determined bdut were clearly quite low, as suggested by data for viologen
quenching ia other well characterized systems.’*’>’ The relative yields
‘ zeported here are comsistent with an imefficieat photoinduced electron

;:3 transfer for coumarin singlet quenching (vide supra) amd a more robust

-"" resction of the commaria triplet whose yield ia the absence of quencher
f (via intersystem orossiag) is kmown to be very low (< 1% for ] in

%;. acetomitrile;® (Comcentrations of MV = 4.0 asd 10.0 =M correspond to 20%
'43: and 40% siaglet quenchiag , respectively.)

.:4:2 Electros trassfer iavolviag 3 aad methyl viologea appears also to be
:'.:,3 importaat (Table 6). TYields of electroa traasfer for ] aad 3 appear

: similar but the comparisoa is compliocated simee triplet yields (or triplet
‘: extinotion coefficients) for both dyes are not kaowa.'®’'?

[}

ij. In summary, the queachiag of the flworesceace of commarin laser dyes
'_4 by & var’ <ty of o' troa domors and acceptors has deea observed. Net

“ elestzon ty- .sfer is not a dominant path for dosor—acceptor quemching,

i3

\1\.‘-,_-'_
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slthough the photoreduction of methyl viologea on quenching of dye singlets
or triplets is confirmed by flash photolysis results. The ranges of
oxidation aad reduction potential for additives which will diminish the

fluorescence of several representative coumarin dyes have been established.

Acknowledgements. This work was supported by the Office of Naval
Research. Ve thank also Drs. V. R. Jackson and S. Kanoktanapora for
technical assistance, and Professors M. Z. Hoffman and M. F. Delaney for
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Kslysnasundaram, Coogd. Chem. Rev.. 1982, 159.

~g=v g0 €

In a orude comparison (vhere absorbamced cannot be exactly matched) the
well characterized system, ruthesimm(II)-trisbipyridyl aad NV ia H, 0, A
0.2-0.3,*" produces om flash photolysis the viologea radical ia s yeild at .

least ten—fold greater than the system, 1/MV ia acetomitrile/water.

Dempster, ot al.,*’ repert & = 19,00042,0000 *ca™* for triplet ] ia
othanol, slso to be compated with a value of 14,0000 *ca™® for MV ia water.
A wesk traamient (3\-“400-) can be observed om quenching § with :

1s
DA in scetomitrile. This absorptios, mech like that of the DMA radical-cation. 22 4-
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Table 1 Absorption and emission properties of coumarin dyes ia acetomitrile

SAvsorption (1) and emission (A;) mezims ia mm.

'Fllotoscoaoo lifetimes reported for N, or Ar purged solutioas

(zef. 6) corrected for flm orescemce quenching by O, ia sir saturated

solutions (ref, 6¢)

SObtained from dimethylanilise quenching results (see text).

i T eSS
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Table 2 Redox potentials for coumaria dyes from cyclic voltammetry

ot Byxy (V vs 8CR)* Bogg (Vvs sce)®

1.09 -2.2

PRI S
[

< 1.20 -1.8

LY

it A o

0.72 (~2.3

)
'

v WXy f‘l'

".“.\
- Dl Y

4 0.89 ~1.8

T 1 1 .oz -1 .5

e %0xidatioa poteatials from reversible waves calcslated as [B’(ox) +

B, (red)1/2 (CH,ON)

;a. Spedustion (pesk) poteatials from irreversible waves (CH,CN)

v r(' -' l’ v .a -! .-.‘:_.;..‘._.‘..

sA'.‘.'\.f, .....

T T e T T




Table 3. Electron domor or acceptor quenchers®

n“(v vs SCRB) Rlectron n“d(v vs SCE)

acceptor

diethylamine (DEA) dimethyl maleate (DMNM)

triethylamine (TEA) p~dicyanobenzene (DCB)

dimethylaniline (DMA) fumaronitrile (FUM)

methyl viologea (MV)

*Redox poteatials = half-wave poteatials from polarography or cyeclic

voltammetry of queachers ia acetomitrile (ref 17).
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Table 4. Fluorescence quenching data for coumarias and electroa donors

Dye  Guemcher  k T.M! k (x 1070 Wity aq,,*

1 o 27. 9.7 ~4.6

2  DEA <0.10 €0.17 28,
TEA 1.5 2.5 4.0
DMA 11, 18, -5.7

i o 6.1 2.4 1.2

4 s0. 11, -4.6

s 31, (10.) -8.3

SPree energy chaage for electroam tramsfer (kcal/mol) caloculated using the

Weller equation (see text).
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Table 5. Fluorescesce queachiag data for cowmarias sad electrom acceptors

Dye Quencher kgt i tq(xm" 171 AGg,
1 FOM 29, 8.7 -17
uv® 81. 29, 31
2 FON 3.5 5.8 -6.8
3 Fou 66, 24. ) -23.
4 Fou 28, 5.4 ~11,
3 DCB <0.2 <0.06 2.2
DI 0.6 0.2 0.8
FUM j, 9.7 -6.8

SFree energy change for electrom tramsfer (keal/mol) calomlated usiag the

Veller equation (see text).

bﬁuunn rosults for $5% CH,CN/H,0, asswming te(l) = 2.8 ns, the value

for CH,CN (Table 1).
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Table 6. Tramsieat absorptios on flash photolysis of 1 and § with NV®

(V] , =it Ageo Ty/yom8 Assignment
1 - 0.28 0.16 triplet }
0.02 0.25 1.3 MV radical-ioa
4.0 0.57 4.8 MV radical-ion
10.0 0.67 1.3 MV zeadicsl-ion
3 - 0.02 0.3 triplet 3
0.04 0.65 1.4 MWV radical-ion

SAbsorbances recorded at 600 sm, 100 us after flash (azgon—purged 85% v/v

CN,ON/H,0) .

. PN

XA







